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ABSTRACT A variety of experiments suggest that membrane proteins are important targets of anesthetic molecules, and that
ion channels interact differently with anesthetics in their open and closed conformations. The availability of an open and a
closed structural model for the KirBac1.1 potassium channel has made it possible to perform a comparative analysis of the
interactions of anesthetics with the same channel in its open and closed states. To this end, all-atom molecular dynamics
simulations supplemented by normal mode analysis have been employed to probe the interactions of the inhalational anesthetic
halothane with both an open and closed conformer of KirBac1.1 embedded in a lipid bilayer. Normal mode analysis on the
closed and open channel, in the presence and absence of halothane, reveals that the anesthetic modulates the global as well
as the local dynamics of both conformations differently. In the case of the open channel, the observed reduction of ﬂexibility of
residues in the inner helices suggests a functional modiﬁcation action of anesthetics on ion channels. In this context,
preferential quenching of the aromatic residue motion and modulation of global dynamics by halothane may be seen as steps
toward potentiating or favoring open state conformations. These molecular dynamics simulations provide the ﬁrst insights into
possible speciﬁc interactions between anesthetic molecules and ion channels in different conformations.
INTRODUCTION
Despite the widespread clinical use of anesthetics since the
19th century, a clear understanding of the mechanism of an-
esthetic action has yet to emerge. The main contenders regard-
ing the site of action for anesthetics are lipids and membrane
proteins underlying the nonspeciﬁc and speciﬁc theories,
respectively. Speciﬁc interactions of anesthetic molecules
with the membrane proteins have been studied since 1952 (1)
and experiments have shown that neurotransmitters like
GABAA and glycine receptors are sensitive to clinically rel-
evant concentrations of inhaled anesthetics (2). Photo-label-
ing experiments have revealed possible sites of halothane
binding to nicotinic acetylcholine receptors (3). The demon-
stration of speciﬁc action of anesthetics on ion channels
through several experiments is a departure from the traditional
view of a nonspeciﬁc mechanism of anesthetic action through
their interactions with lipid bilayers. The nature and mecha-
nism of the speciﬁc action of anesthetics on ion channels has
been discussed extensively in several recent reviews (4–7).
On the computational side, molecular dynamics (MD)
simulations have been used to understand the interactions of
inhalational anesthetics molecules such as halothane with
both model lipid bilayers and ion channels. Simulations of
model lipid bilayers demonstrated the preferential distribution
of halothane molecules close to the lipid-water interface in
agreement with experiments and effects on hydrophobic
chain ordering of the lipids (8–10). Other MD simulations of
interactions of anestheticmoleculeswith ion channels include
studies of binding of an inhalational anesthetic, halothane, to
soluble native and synthetic four-helix bundles (11,12), to gram-
icidin in a DMPC membrane (13), to ketosteroid isomerase
(14) and to subunits of nicotinic acetylcholine receptors (15).
Ion channels exist in different conformations, i.e., open,
closed, resting, or inactive. A natural question is the following:
do anesthetic molecules interact with these distinct confor-
mations of the same ion channel differently? Addressing the
effects of anesthetics on different conformations is difﬁcult
experimentally because ion channels remain in an open state
for amuch shorter time than in the closed state. Unfortunately,
limited availability of high-resolution ion channel structures,
which have been implicated in anesthetic mechanism, has
impeded potentially insightful MD simulation studies.
A family of K1 channels, tandem pore domains, has been
shown to be activated by volatile anesthetics (16) and studies
onG-protein-gated-inwardly rectifyingK channels have shown
that these inward rectiﬁers contain an intrapore binding site
for local anesthetics (17). It has been predicted that anes-
thetics may prolong open-state components. Also, inhala-
tional anesthetics were shown to potentiate open states in ion
channels like the nicotinic acetylcholine receptor (18). Po-
tassium (K1) channels are found in a wide range of cells and
tissues and play an important role in controlling the resting
potential of the membrane through channel opening and
closing by selectively transporting K1 ions across mem-
branes. The KirBac1.1 channel belongs to the inward rectiﬁer
family ofK1 channels. The three-dimensional crystal structure
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of this channel in a closed state at a resolution of 3.65 A˚ was
ﬁrst reported in 2003 (19). KirBac1.1 has a pore-forming
tetrameric transmembrane domain (four monomers are
named U1, U2, U3, and U4, respectively) similar to that of
the prototypical K1 channel, KcsA. Recently, an open-state
structure of KirBac1.1 was modeled starting from the closed
state and with further reﬁnement using projection maps ob-
tained from electron microscopy experiments (20). The re-
sulting open-state structural model was validated through
extensive MD simulations (21). We performed additional
MD simulations on both the open and closed states of the
KirBac1.1 channel in a DOPC lipid membrane environment
and showed that the aromatic residues through localization
play an important role in directing and stabilizing structural
changes within the transmembrane region of this integral
membrane protein (22).
The limited timescales of MD simulations (typically a few
tens of nanoseconds) may not capture the global conforma-
tional motions of proteins, which play an important role in the
function of the protein. Ligands, such as anesthetics, upon
binding to ion channels or proteins can affect the function by
altering their global motions. Structure-based coarse-grained
approaches such as normal mode analysis (NMA) have been
used to understand effects of ligands on protein dynamics
(23) and functional motions responsible for catalytic reac-
tions (24–26), and to ﬁt high resolution crystal structures into
low-resolution electron density maps (27). In the coarse-
grained elastic network models used in NMA, the residues
are represented as nodes in the network with complex
force-ﬁeld interactions between them replaced by harmonic
potentials with a cutoff (28–30). The collective modes rep-
resenting global (delocalized) changes have been shown to be
adequately represented by few low frequency modes (31),
which are well captured by such coarse-grain models. In the
current work, an elastic network model based on Gaussian-
distributed ﬂuctuations (referred to as the Gaussian network
model or GNM) is used to understand the effects of halothane
molecules on the functional motions of both closed and open
conformations of the KirBac1.1 ion channel. For compara-
tive analysis, we have performed the NMA on crystal
structure models of closed and open conformations as well as
equilibrated MD structures of liganded and unliganded ion
channels as inputs. KirBac1.1 provides us with a unique
opportunity to compare the effects of inhaled anesthetics on
two different conformations within the same family. In this
study, we focus on how inhaled anesthetics interact with
certain key aromatic residues, as well as inﬂuence both local
and global protein dynamics in the closed and open confor-
mations of this channel.
METHODS
Description of the systems
The starting conﬁgurations before addition of halothane molecules were
taken from our previous MD simulations (20 ns for each conformation) and
details of setting up closed and open systems can be found in the Supple-
mentary Material of that work (22). Since in this study we are interested in
understanding the effects of halothane molecules on the transmembrane
domain of the KirBac channel, we retained the slide helices and the trans-
membrane portions and did not include the intracellular domain. In theseMD
simulations, 80 halothane molecules were added to the water phase. This
concentration of the halothane molecules, which is much higher than clinical
concentration, is needed to improve statistics concerning the behavior of the
anesthetics. The halothane molecules were initially inserted near the head-
groups of both the inner and outer membrane leaﬂets. This was done because
spontaneous translocation of the anesthetic molecules across the lipid
membrane is not likely within the MD simulation time (;15 ns). Each
system was then subjected to additional energy minimization runs using the
conjugate gradient method, followed by MD equilibration runs.
Molecular dynamics simulations
MD simulations were performed using the NAMD2 (32) software package.
The Nose´-Hoover method with Langevin dynamics and Langevin piston
were applied to maintain a pressure of 1 bar and temperature of 305 K. A
multiple time step (33,34) was used and all the hydrogen atoms were con-
strained using the RATTLE algorithm to allow a time step of 1.5 fs. The
CHARMM 22 (35) and CHARMM 27 (36) force ﬁelds were used for the
peptide bundles and lipids, respectively and water was modeled by TIP3P
(37). Parameters developed by Scharf and Laasonen (38) were employed for
halothane molecules. A cutoff distance of 12 A˚ and a pair-list distance of 15 A˚
were used to compute all nonbonded interactions and periodic boundary
conditions were imposed. The full electrostatics interactions were computed
with the particle-mesh Ewald method with a tolerance of 106 and updated
every two time steps.
Normal mode analysis (NMA)
The elastic network models in NMA are based on random polymer network
models (39). As described in the Introduction, in this approach, protein
residues are coarse-grained and each residue (represented by Ca) becomes a
node in this three-dimensional network. The underlying assumption in elastic
network models is that the protein under consideration represents the native
state and the global motions can be derived from superposition of various
normal modes assuming the harmonic approximation. In the GNM, used in
this study, the nodes (hence the residues) are subjected to Gaussian ﬂuctu-
ations (40). In detail, a connectivity matrix (Kirchoff) matrix (G) is con-
structed based on a cutoff distance (rC) as
Gij ¼
1 if i 6¼ j; rij# rc
0 if i 6¼ j; rij. rc
+
i6¼j
Gij if i ¼ j
:
8><
>:
By diagonalization of the Kirchoff matrix, a set of eigenvalues and eigen-
modes are obtained. The root mean-squared ﬂuctuations (RMSF) of the
residues of the protein are obtained from the inverse of the Kirchoff matrix as
ÆDr2i æ ¼
3 kBT
g
½G1ii:
Here, g is parameter of the Hookean potential and serves as a scaling factor
for the comparison of ﬂuctuations from the simulation and experiments (if
B-factors are available) (40), kB is the Boltzmann constant, and T is the
temperature in the elastic network. The RMSF values of residues are
indicative of the mobility of those residues, and the terms ‘‘RMSF’’ and
‘‘mobility’’ will be used interchangeably in the text. The above equation
indicates that the connectivity of a node (or a residue) is inversely propor-
tional to the ﬂexibility of the node. In this regard, the RMSF values depend
on the value of rC. A cutoff value ,10 A˚ yielded .0 eigenvalues for the
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systems with halothane, rendering the results unreliable. Convergence
studies on the optimal value of rC yielded 15 A˚ for all the systems studied
in this work. It is to be noted that the eigenmodes from the Kirchoff matrix do
not have information about the direction of motion. A Hessian matrix, whose
elements are second derivatives of the spring potential used to connect the
nodes of the Gaussian network, needs to be constructed for the directional
ﬂuctuations of the individual residues, which is implemented in anisotropic
network model (ANM) (41). (Both GNM and ANM have online implemen-
tations and can be found at http://www.ignm.ccbb.pitt.edu.) Halothane
molecules were included in the NMA computations as described in the
recent work of Szarecka et al. (23). More details on the inclusion of halothane
molecules in the GNM calculations are described in the next section.
RESULTS AND DISCUSSION
Characterization of membrane-protein system
Within ;15 ns, most of the halothane molecules initially
placed in the solution phase spontaneously partitioned into
the lipid-protein system. In Fig. 1, the partitioning of halo-
thane molecules for both the closed and open channel sys-
tems is shown at t ¼ 0 and t ¼ 15 ns, respectively. The
partitioning of halothane molecules is asymmetric with re-
spect to the membrane normal (z axis) in both systems.
However, we observed a higher preference for the halothane
molecules to be concentrated near the entry of the channel
pore at the intracellular region of the open conformation,
which is not the case in the closed conformation. Approxi-
mately 75% of halothane molecules (60 out of 80) are close to
the headgroup region in the inner lipid leaﬂet in the open
conformation, as opposed to somewhat equal distribution of
the halothane molecules in both side lipid leaﬂets in the
closed conformation.
In previous bilayer-halothane computational studies, the
most favored locations of halothane molecules is just below
the polar headgroups in a complex interfacial region of hy-
drophilic headgroups and hydrophobic tail groups reﬂecting
the amphiphilic nature of the halothane molecules (8,9,15,
42,43). The spontaneous partitioning of halothane molecules
into bilayers in times accessible to computer simulations was
shown, using steered molecular dynamics calculations, to be
due to the absence of signiﬁcantly high energy barriers
against entry into the bilayer (15). In the current simulations
also, as described in the previous section, halothane mole-
cules preferentially target the locations below the headgroup
region. The presence of anesthetic molecules near the inter-
face of the membrane protein and lipid bilayer, thus dis-
rupting the protein-lipid contacts, has been observed before
(13). In the current simulations, anesthetics molecules also
partitioned such that they are located near the protein-lipid
interface. The number of halothane molecules near the pro-
tein-headgroup interface in the simulations of the closed con-
formation was higher than those of the open conformation.
We have also investigated the distribution of halothane
molecules around the protein and in both conformations;
halothane molecules are mostly concentrated close to aro-
matic residues. Density proﬁles of halothane molecules
projected along the bilayer normal (z direction) and averaged
over the last 6 ns of the simulation are shown in Fig. 2. The
distribution of aromatic residues signiﬁcantly changes in the
presence of halothane molecules in both the open and closed
conformations. Importantly, the width of the TRP residue
distribution peak (near the inner leaﬂet) is reduced and is
sharper in the presence of halothane molecules, suggesting
increase in the localization of these residues.
Fluorescence experiments (44) have suggested that halo-
thane molecules quench the motion of Trp residues, reducing
the ﬂuctuations in the motion of the indole ring. Similar
modulation of protein motion in the presence of halothane
molecules was observed in previousMD simulations (11,13).
The halothane molecule distribution (magniﬁed by ﬁve times
for clarity) is also shown in Fig. 2. From the distribution
we can see that, near the entry of the channel pore at the
intracellular side of the closed conformation, the anesthetic
molecules are occluded (;20 A˚), whereas in the open con-
formation, the distribution peaks near the intracellular pore
entry.
Previous atomistic MD simulations showed the distribu-
tion of halothane molecules at low anesthetic concentration
to be essentially bimodal in nature (8,9,43), with halothane
molecules preferentially occupying sites close to the inter-
facial headgroup water region. However, in recently per-
formed coarse-grain simulations (10), it was seen that this
bimodal distribution of halothane molecules is not valid if the
FIGURE 1 Snapshots taken from MD simulations of the closed (upper)
and open (lower) conformations of the KirBac1.1 ion channel embedded in a
lipid bilayer at t ¼ 0 (left) and t ¼ 15 ns (right). The protein backbones are
rendered as ribbons with aromatic residues drawn in white and the halothane
molecules in stick representation. The lipid headgroups are also shown and
indicate the membrane-water interface. The lipid hydrocarbon chains and
water are not shown for visual clarity.
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concentration of the anesthetic molecules is high. In the latter
study, it was observed that as the concentration of the coarse-
grain halothane molecules increased, there was an appre-
ciable presence of halothane molecules at the center of the
hydrophobic hydrocarbon region. In these simulations also,
we observe that halothane molecules penetrate the lipid bi-
layer and have an appreciable presence at the bilayer center,
as can be seen from Fig. 2.
In the open conformation, the halothane molecules were
observed to be concentrated at the entry of the channel near
the intracellular domain, which is not the case for the closed
conformation. Fig. 3 shows average representations of the
open and closed conformations of the pore region both with
and without halothane molecules. The entry of the intracel-
lular pore in the closed conformation remains occluded to
anesthetic molecules throughout the 15-ns MD simulation
time, and on an average, six halothane molecules are found
near the pore region. The pore of the closed conformation has
four Phe residues occluding the pore and more aromatic
residues (including Trp and Tyr) line the spacing between the
inner and outer loops. On the other hand, in the case of the
open conformer, on average 25 halothane molecules are
found near and in the pore region as the inner loops open up.
One of the effects of the presence of the anesthetic molecules
on the open conformer is to reduce the ﬂexibility of the inner
helices near the intracellular pore entry.
To understand the effects of halothane on the local dy-
namics of the open and closed conformations, root mean-
square ﬂuctuation (RMSF) calculations were performed. In
Fig. 4, the RMSF calculations of open and closed confor-
mations without the slide helices are shown. The overall
shapes of the RMSF proﬁles in the case of both open and
closed conformations in the presence and absence of halo-
thane molecules is somewhat similar. In both cases, an in-
crease in the ﬂexibility of the loops, which are close to the
lipid-protein interface, has been observed. Halothane mole-
cules were found close to these loops, and as suggested in
previous simulations (13,14), the increase in ﬂexibility can be
related to perturbation of lipid-protein interactions due to
presence of anesthetic molecules.We also looked at the effect
FIGURE 2 The density proﬁles along the bi-
layer normal, z, averaged over last 6 ns of the MD
trajectory for closed and open conformations of
KirBac1.1 (z ¼ 0 represents the center of the
bilayer). The distribution of halothane molecules
is magniﬁed ﬁve times for clarity. Distributions of
different aromatic residues, charged residues, and
lipid molecules are also shown.
FIGURE 3 Shown in the upper-left and -right panels are the average
closed and open conformations, respectively, of KirBac taken from the MD
simulations and viewed looking down the selectivity ﬁlter from extracellular
side. The protein backbone a-helices are rendered as ribbons. Only the key
aromatic residues lining the pore are shown. Halothane molecules that are
found near the pore are shown in the bottom two panels. In the case of the
closed conformation (bottom, left), the pore restricts entry of halothane
molecules, but in the case of the open conformer (bottom, right), on an
average, 25 halothane molecules are present.
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of halothane on the lipid-protein interaction and it was seen
that in the presence of halothane molecules, there is an ap-
preciable decrease in the contacts in case of Trp and Tyr
aromatic residues in both open and closed conformations,
whereas there is essentially no difference in the contacts in
the case of Phe residues (data not shown). It has also been
observed that the presence or absence of anesthetics has no
appreciable effect on the mobility of the selectivity ﬁlter.
Anesthetic modulation of global dynamics
The total length of the MD simulation for each of the con-
formations is ;15 ns. Although this timescale may capture
atomistic details of anesthetic interactions with different
conformations of the ion channel, this time is likely to be too
short to capture the effect on global dynamics, if any, of the
anesthetic molecules. We calculated the low frequency
global modes for the crystal structure as well as the MD
equilibrated structure of the closed form of the KirBac1.1
channel. The average of three slowest modes will be hence-
forth referred to as the ‘‘global mode’’. Our results, shown in
Fig. 5, agree very well with those obtained in the work of
Shrivastava et al. (45) on pore opening mechanisms of dif-
ferent potassium channels; this is perhaps not surprising,
since the same Gaussian model was used (especially the re-
sults for the closed conformation). The residue mobilities in
FIGURE 4 Inﬂuence of anesthetics on the dynami-
cal behavior of the KirBac ion channel. Shown is a
comparison of the computed root mean-squared
ﬂuctuations (RMSF) of the backbone Ca atoms
for the closed (upper) and open (lower) conforma-
tions in the presence and absence of halothane
molecules, respectively. The subunits in both the
conformations are named U1, U2, U3, and U4.
FIGURE 5 Comparisons of mean-square ﬂuctu-
ations of residues in the global mode (average of
three slowest modes) for closed (top) and open
(bottom) conformations between the crystal/model
and equilibrated MD structures in the absence of
halothane molecules from IGNM calculations are
shown. The arrows represent the minimum at the
selectivity ﬁlter (solid) and at the Gly kink in M2
helix (shaded).
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the low frequency global mode of the MD equilibrated
structure overlap very well with those of the crystal structure,
even though the fourfold degeneracy as exhibited by the
highly symmetric crystal structure is somewhat lost in the
MD. The selectivity ﬁlter and the Gly residues (equivalent to
Gly134 in the crystal structure (19)) of inner helices are the
minima of the global modes, as observed previously (45,46).
The global minimum at Gly residues suggests that the residue
may serve as hinge site for the protein, which was seen in a
previous simulation (46) looking at the conformational
ﬂexibility of the inner helices of KirBac1.1. We have also
plotted the residue mobilities in the global mode for the open
model and MD equilibrated structures. The global minimum
near the selectivity ﬁlter is still preserved in the open con-
formation. The MD equilibrated structure in the open con-
ﬁguration exhibits more mobility in the N-terminal residues
as compared to the model. In a previous work (46), it has been
shown that the inner helices (M2 helices) of KirBac channels
exhibit dimer-of-dimers type of motion in both octane and a
POPC membrane. In this simulation, the KirBac channels in
closed-form exhibit dimer-of-dimers motion both in the ab-
sence and presence of halothane molecules (see Fig. S1 in
Supplementary Material, Data S1).
As described in Methods, the halothane molecules are also
included in the NMA calculations as single nodes to under-
stand the effect of anesthetics on functional modes and dy-
namics of KirBac1.1 channels. The starting conﬁgurations
for the GNM are taken from structures averaged over the last
1 ns of the MD trajectory. In the GNM calculations only
halothane molecules near the entry of intracellular pore are
included in both conformations. The mobilities of the closed-
and open-conformations in the presence and absence of
halothane molecules have been mapped to the structure and
are shown in Fig. 6. The color coding used in the ﬁgure
ranges from red (most mobile) to green (intermediate) and to
blue (least mobile). The halothane molecules included in the
calculation are also included in the ﬁgure. From the ﬁgure, it
is very clear that the presence of halothane molecules near the
intracellular pore entry in open conformation has a signiﬁcant
effect on quenching the motion of residues as compared to
the closed conformation.
The mobilities of the closed conformation in the presence
and absence of halothane molecules are not signiﬁcantly
different, as can be seen in Fig. 6. Due to the constriction at
the entry of the pore near the intracellular side of the closed
channel, the number of halothane molecules entering and
hence affecting the inner helices (where the gate is located) is
much smaller. In contrast, the mobilities of inner helices are
signiﬁcantly affected by the presence of halothane molecules
in the case of the open conformation, as shown in Fig. 6. Due
to the favorable pore space available in the open conforma-
tion, a signiﬁcant number of halothane molecules are found
inside and near the intracellular pore entry. From the crystal
structure calculations (19), the KirBac1.1 channel in closed
conformation is understood to prevent K1 ion conduction by
occluding the pore entry from the intracellular side using the
phenylalanine residues that are the blocking residues near the
gate of the channel. The ﬂexibility of the open channel, es-
pecially that of the Phe residues on the inner helices, has been
implicated in playing a crucial role in channel gating (22).
The present normal mode analysis does reveal that the an-
esthetic molecules affect the open conformation of the Kir-
Bac1.1 channel by reducing the mobility of the inner helices.
The decrease in ﬂexibility in the region close to the entry of
the channel pore may play a role in potentiating the open
conformation in the presence of halothane molecules. The
root mean-square ﬂuctuations of the protein residues in the
global mode in the presence and absence of halothane mol-
ecules is shown in Fig. 7. The global minima near the se-
lectivity ﬁlter (indicated by arrows) also remain unaltered in
both conformations in the presence of halothane molecules.
The ANM calculations reveal the direction of motions
involved in the slowest normal modes. As in the GNM cal-
culations, only halothane molecules near the intracellular
pore of the proteins were included in the ANM calculations.
Halothane molecules do not signiﬁcantly affect the direction
of motion of the ﬁrst three global modes of the closed con-
formation. However, in the open conformation, halothane
molecules signiﬁcantly alter the direction of motion of the
third slowest global mode. This mode contains a hingelike
symmetric movement of outer and inner helices involving
FIGURE 6 Inﬂuence of anesthetics on the dynamical behavior of the
KirBac 1.1 ion channel. The mobilities of the residues in the global mode are
mapped onto the ribbon representation of the closed and open conforma-
tions. The color-coding is from red (most mobile) to blue (least mobile). The
halothane molecules represented as single nodes in the GNM calculations
are also shown in yellow.
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dimer-of-dimer motions (U1–U3 and U2–U4). These sym-
metric motions may play an important role in gating of the
KirBac1.1 channel (19), required for transition between open
and closed conformations. Addition of halothane molecules
to the system changes these motions from symmetric to an-
tisymmetric. This change of direction may hamper the gating
transition, and along with the reduction of ﬂexibility as de-
scribed earlier, may prolong the open state. In the open
conformation of the KirBac1.1 ion channel, the cavity near
the intracellular pore entry ﬂanked by aromatic residues
(hydrophobic environment) and polar headgroups and water
(polar environment) seem an appropriate location for binding
of anesthetics as observed in the current MD simulation.
Once the anesthetics occupy this cavity, they affect the
functional modes of the open conformation as described in
this section.
Aromatic localization and anesthetics
In our previous simulations (22) we have observed that the
aromatic residues, especially Phe, close to the lipid-protein
interface may play a role in controlling channel gating
through localization. In our current MD simulations we
explore the dynamic nature of the aromatic residues in the
closed and open conformations with and without halothane
molecules. An order parameter, characterizing the motion of
the aromatic residues, SN is deﬁned as the angle between the
normal to the bilayer and a vector drawn perpendicular to
the aromatic ring. We evaluated the histogram distribution
of the order parameter over the last eight nanoseconds for
both closed and open conformers in the presence and ab-
sence of halothane. From the comparative analysis, we ﬁnd
that in the case of the closed conformer, the effect of the
presence of halothane molecules on the order parameter, SN,
is negligible. In the case of the open conformation, however,
for the Phe residues near the pore of the channel, where
halothane molecules accumulate in the MD simulation,
there is an appreciable quenching of the motion of the ar-
omatic rings. Order parameter results for three such residues
are shown in Fig. 8.
The implication of such quenching is important for po-
tentiating the open state. In this particular case of the KirBac
FIGURE 7 The mean-square ﬂuctuations of the
residues in the global mode in the presence and ab-
sence of halothane molecules are shown. The arrows
represent the minimum at the selectivity ﬁlter
(solid) and at the Gly kink in M2 helix (shaded).
Only halothane molecules near the entry of intra-
cellular pore are included in the GNM calculations.
FIGURE 8 Interaction of aromatic residues with halothane molecules for
the open structure of KirBac. The aromatic residues in question are Phe
residues close to the pore of the open conformation, where accumulation of
halothane molecules was observed in the MD simulations (as shown in Fig.
3). The term SN is the angle between the normal to the bilayer and a vector
drawn perpendicular to the aromatic ring of Phe.
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channel, we have shown earlier that the orientation of the Phe
residues close to the lipid-protein interface is very dynamic
and changes drastically over the MD simulation time (;10
ns) as compared to the closed conformation (22). The dy-
namic nature of the Phe orientation is thought to play a role in
preventing the channel from being stabilized in the open
state. It was suggested earlier (47) that one of the fundamental
effects of volatile anesthetics on protein action may be
through attenuation of local side-chain dynamics and stabi-
lization of certain folded protein conformations.
CONCLUDING REMARKS
An intimate relationship exists between protein function and
ﬂexibility. Fluorescence anisotropy measurements, among
other experimental techniques, are able to provide insights
into the physical effects of anesthetics in proteins. It has been
shown that anesthetics may alter protein function by de-
creasing protein ﬂexibility and stabilizing certain protein
conformations (47–49). Simulations of halothane with gram-
icidin and luciferase (13,23) have suggested that anesthetic
molecules modulate the protein global dynamics. Simula-
tions of halothane interactions with subunits of nicotinic
acetylcholine receptor have shown that the anesthetic mole-
cules modulate the dynamics of loops connecting the M2 and
M3 subunits, a loop that is implicated in gating mechanism
(15,50) by allosterically transmitting the effects to channel
gate. Likewise, in the current MD simulations we see that
halothane molecules inﬂuence both the local and global dy-
namics of different conformations, but clearly affect the open
conformer more. Halothane molecules target the inner heli-
ces of the open conformer and decrease the ﬂexibility sig-
niﬁcantly, as revealed by ﬁrst three slowest global normal
modes. A gate in the KirBac1.1 channel is located at the
intracellular pore entry and the four phenylalanine residues
form the channel gate. The KirBac1.1 is a unique channel in
that it has an abundance of Phe residues. The presence of
aromatic residues close to the lipid headgroups have been
implicated in stable insertion of the channel using favorable
(cation-p) interactions between polar headgroups and aro-
matic rings. As these aromatic residues are conserved
throughout the Kir family, we proposed that aromatic local-
ization could contribute to the forces driving conformational
changes (22). From the analysis of order parameters mea-
suring the ﬂexibility of the aromatic residues, it was observed
that the Phe residues near the interface experience much
higher mobility compared to the closed conformation in the
absence of any anesthetic molecules. From that study, the
entropy associated with the increased ﬂexibility of the aro-
matic residues in the open conformer was implicated in
preventing the stabilization of the open conformer. With the
addition of halothane molecules, we see that the mobility of
the inner helices and Phe residues near the gate is signiﬁ-
cantly decreased. A unitary explanation of anesthetic action
on proteins by Tang et al. (13) suggests that functionally
signiﬁcant changes caused by anesthetics are a result of pro-
tein’s intrinsic susceptibility to the presence of such modu-
lators, as is also seen here.
Cavities inside proteins, especially those embedded in
membranes, with appropriate mixture of hydrophobic and
polar environment have been implicated as possible locations
for anesthetic binding (49). Binding of hydrophobic mole-
cules in cavities of proteins has been shown to reduce the
protein motion (51). The binding of anesthetics in the cavities
of a protein is expected to play a role in preferentially sta-
bilizing those conformers, which are otherwise poorly pop-
ulated (49). Membrane proteins spend more time in closed
conformations than in open ones. The open conformations,
on the other hand, possess cavities large enough to bind small
hydrophobic molecules such as anesthetics. This scenario is
very close to the conformational ensemble concept described
above. The current study suggests that the anesthetic mole-
cules, by preferentially occupying the available (and favor-
able) cavity in the open conformation, reduce the protein
motion in that vicinity and thereby affect the residues im-
plicated in the gating of the channel. This in turn may
eventually potentiate the open conformer, consistent with the
attractive cavity hypothesis (49). Simulations with non-
immobilizers and other anesthetic molecules on different
conformations of membrane proteins may shed further light
on the underlying principles of anesthetic action.
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